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Enabling a Stable High-Power Lithium-Bromine Flow Battery
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Hydrophobic task-specific ionic liquids (TSILs) can be the key to unlocking the potential of energy-dense lithium-bromine
batteries for a wide variety of applications such as provision of sustainable power for transportation and the grid. In this paper, we
describe a high efficiency catalyst-free lithium-bromine rechargeable fuel cell using highly concentrated bromine catholytes, with
higher theoretical energy density than most lithium-ion cathode materials and catalyst-free lithium-air chemistries. Using a novel
hydrophobic ionic liquid, we eliminate the organic electrolyte in the original Li-Br flow cell architecture with a flat graphite
electrode, proposed by Bai and Bazant, and improve peak power density by ∼4× and the ionic conductivity of the solid electrolyte
by almost an order of magnitude. The peak power density of 34.5 mW cm−2 at a potential of 3.45 V is the highest reported value
for similar catalyst-free battery chemistries to date. It can also reversibly electrodeposit lithium in a dendrite-free manner at high
current densities ∼10 mA cm−2 without any catalyst, with a >95% voltage efficiency for a 1 M Br2 in 9 M LiBr catholyte. Despite
having chemical stability to lithium and bromine, suboptimal Li+ chelating affinity of the TSIL results in a depletion of ion
concentration in the ionic liquid phase during operation, rendering stable long term cycling challenging. This can be addressed by
the design of ionic liquid cations with higher Li+ affinity, while maintaining high chemical stability, hydrophobicity, and
reasonable viscosity. This work is a proof-of-concept of the viability of this approach, and has potential for applicability in long-
range transportation, beyond current Li-ion and Li-air batteries.
© 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
ac1396]
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Progress in development of stable high-power batteries to buffer
the intermittency of renewable energy sources has made the promise
of their inclusion into the grid ever so close. The price of electricity
changes depending on time of day, based on demand.1 With
installation of renewable energy sources with storage behind-the-
meter at the residential and commercial settings, consumers/enter-
prises are not only able to shave-off their own peak pricing
electricity costs, but are also able to supply the grid with surplus
electricity during baseload hours.2 The scale of battery storage
required at the commercial & industrial (C&I) scale to shave off
peak electricity pricing is on the order of 1–20 MWh,3 along with
high power requirements. There are many operators that use lithium-
ion battery power to cater to this need. However, since storage and
generation modules in lithium-ion batteries are integrated into a
single package, real estate requirements to install at-scale storage
near a renewable generation source may prove to be expensive. In
addition, the power electronics required to operate a lithium-ion
battery safely at the MWh scale can be very expensive.4 Flow
batteries represent a safer, cheaper more flexible choice for such
applications. Flow-based electrochemical energy storage systems
separate the energy storage and power generation by storing the
electro-active species in electrolytes in separate chambers. Redox
reactions at the electrode surface are enabled by pumping the anolyte
and catholytes into a stack.2,5 This unique architecture permits the
redox flow batteries (RFBs) to independently scale the power and/or
energy-a characteristic real-estate advantage along with high safety
imperative for the energy industry.6

Among various flow batteries, the vanadium redox flow battery
(VRFB), originally patented by Skyllas-Kazacos and coworkers in
the 1980s, is the most developed one.7 Large commercial-scale
vanadium redox flow batteries are currently in construction.8 While
the vanadium or Fe/Cr9 RFB (developed by NASA in the late 70 s)
have evolved over the last 40 years to very practical and scalable
designs, it still suffers from low energy density (∼25 Wh L−1) 10,11

compared to standard LixFePO4 (LFP) lithium-ion chemistry
(∼225 Wh L−1)12 as well as low voltage (1.2 V—1.6 V vs SHE,
standard hydrogen electrode). High potential flow batteries (>2 V)
have been recently achieved by way of multiple redox couples using
non-aqueous chemistries 6,13,14 but the concentration of redox
species remains low at around 0.1 M due to limited salt solubility
in organic media. It quickly became apparent that to further increase
flow battery energy density, a key strategy would be to somehow
combine the advantages of energy-dense lithium-ion batteries into
RFBs. This gave rise to a class of “hybrid” flow batteries which are
non-aqueous on the lithium side and aqueous on the cathode-active
side.15–17 In subsequent years, electropositive metals such as Na,18

Zn19–22 and Mg23–27 have been researched as anodes to substitute
lithium,28,29 paired with redox active materials such as
TEMPO,22,30,31 polysulfides,32,33 phthalimide derivatives,34

quinones,13,35–40 oxygen (air)41–48 and viologen31,49 or with halo-
gens such as Br−,20,23,50–55 and I−,.19,25,33,56 The power density in
case of halogen catholytes has been observed to be relatively high
owing to superior ionic mobility, reaction rate and high solubility of
metal halogen salts in aqueous media. However, the boon of higher
reactivity and power also unfortunately results in significant
degradation and poor cycle life.

Several attempts have been undertaken to obtain stable cycling
high-power metal-halogen flow batteries in recent years.57,58 Li et
al.19 use an ambipolar and bifunctional ZnI2 electrolyte to stably
cycle a zinc-polyiodide flow battery with a ∼99% capacity retention
over 40 cycles. They demonstrated dendrite suppression on zinc by
adding EtOH to the electrolyte, and achieved an energy density of
166.7 Wh L−1 (theoretical energy density of this system
∼322 Wh L−1) with a 5 M ZnI2 electrolyte, leveraging the high
salt solubility. Substituting out the zinc (Zn/Zn2+ redox potential is
−0.76 V vs SHE) with lithium (Li/Li+ redox potential is −3.04 V vs
SHE) allowed for a >3× improvement in open circuit potential, as
demonstrated by Byon et al.59,60 in their static and flow-through
modes in their dilute iodine/iodide catholyte. Attempts to further
increase open circuit potential and energy density by substituting
iodine (I/I− redox potential is 0.54 V vs SHE) with bromine
(Br3

−/Br− redox potential is 1.08 V vs SHE) was met with road-
blocks when paired with low-cost zinc. Sluggish Zn/Br redoxzE-mail: bazant@mit.edu
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kinetics limited peak power to <20 mA cm−2,61 unless sophisticated
carbon coatings or meshes 61,62 are introduced to reduce resistance,
or chloride-based supporting salts are added to improve electrolyte
conductivity.63 Bromine is also more oxidative, i.e. more corrosive
than iodine, which provides significantly less latitude in develop-
ment of membrane alternatives. Lithium when paired with bromine
manages to overcome the reaction limitations of zinc and can deliver
upto ∼1300 Wh l−1 (based on a peak LiBr solubility of 12 M in
water) under theoretical conditions at a redox potential of 4.08 V.

Zhao et al.50 fabricated a static Li-Br battery with a solution of
1 M KBr and 0.3 M LiBr, which was charged to 4.35 V then
discharged at various electrochemical conditions. The maximum
power it could deliver within the safety window was 1000 W kg−1

(equivalent to 5.5 mW cm if calculated with their loading density of
LiBr, = 5.5 mg cm−2). An important metric to keep in mind while
operating at these voltages is to prevent the electrolysis of water as a
side reaction and consequent evolution of hydrogen or oxygen. The
practical threshold of the oxygen evolution reaction (OER) potential
should be >4.4 V at pH 5 (vs Li/Li+),50 while the hydrogen
evolution reaction (HER) could only take place at the potential
lower than 3.04 V (vs Li/Li+). Thus, a safe window of operation to
ensure the redox reaction between Br− and Br2 is the sole reaction in
the catholyte, is to operate the cell in a potential window of
3.5–4.35 V (vs Li/Li+). Besides, oxygen evolution requires signifi-
cant overpotential to commence, and has not been observed to
compete with the bromine redox reaction in literature.50 In our work,
however, enabling the continuous flow of bromine catholyte offers a
unique advantage. The open design of the cell also allows for battery
operation outside the electrochemical stability window. Any gases
evolved are carried out of the system immediately, avoiding any
interference with the redox reaction and the mechanical integrity of
the cell.

Chang et al.64 explored lithium bromine chemistries with
moderate concentration catholyte of up to 7 M LiBr/1 M Br2 which
provided a peak power of 29.67 mW cm−2 at a voltage of ∼2.5 V.
While they claim to have achieved an energy density of
1220 Wh kg−1, they include the contribution of active lithium metal
(3862 mAh g−1). Comparing this value to that of lithium-ion
batteries is unfair as LIBs do not have pure lithium metal electrodes.
To ensure fair energy density comparison, we should compare the
values for just the bromine electrode to that of a standard lithium-ion
battery like LFP/LCO, in our opinion. As such, dilute bromine
electrolytes, such as in Refs. 64 and 65 can only deliver only about
1/5 of the energy density to standard LIB electrodes.54 To close the
gap, Bai et al. in a couple of publications51,54 pushed the catholyte
concentration even further up to 11 M LiBr (close to the solubility

limit) and achieved a max power density of 8.5 mW cm−2 at 1.8 V.
At such high concentrations, degradation of the solid electrolyte
separating the anolyte and catholyte has been shown to be the rate-
limiting step,51,54,66 which necessitates focused R&D into this
component of the cell to enable further performance improvement.
In addition, when left idle over long periods of time, the flux of
water through ceramic solid electrolytes like LATP is non-trivial,
and water crossover can result in severe oxidation of the alkali metal
electrode, rendering it inactive for the redox reactions necessary for
cell operation.

In this paper, we introduce a novel task-specific hydrophobic
ionic liquid as a replacement for the solid electrolyte used by Bai &
Bazant54 as well as the organic solvent in contact with the lithium
electrode. The ionic liquid is mixed with 10% v v−1 THF to reduce
viscosity and lithium bis(trifluoromethanesulfone) imide (LiTFSI) is
dissolved at 1.5 M concentration, such that the liquid solution serves
to transport Li+ to the bromine catholyte chamber while effectively
preventing any aqueous bromine crossover (we have used the open
circuit potential as an indirect indicator of bromine crossover, which
is shown in Fig. 6 inset). It also minimizes side reactions at the
lithium electrode and allows for lithium electrodeposition during cell
operation. Effectively, it doubles as a membrane (as a standalone
ionogel when dissolved into a cross-linked polymer film or
impregnated in a porous carbon matrix) to substitute the LISICON
separator in the original cell architecture54 and to substitute the
organic solvent in the lithium chamber. Herein, by the use of this IL
solution, we enhance the performance of their Li-Br battery
architecture and achieve a maximum power density of
34.5 mW cm−2 at 3.45 V at a current density of 10 mA cm−2, using
a highly concentrated 9 M LiBr/1 M Br2 catholyte. To the best of our
knowledge, this is the highest reported power density for aqueous
lithium bromine flow batteries with concentrated catholytes till date.

Novel liquid/liquid extractions of heavy metals from aqueous
streams have been made possible by the development of ionic
liquids. Ionic liquids (ILs) are simply salts that are liquid at room
temperature. They typically consist of a bulky cation and small
halogenated anion. These salts provide a non-aqueous yet polar
medium and therefore have unusual solvent properties. The first ILs
designed for heavy metal extraction favorably partitioned metals
bound to complexing agents,67 but by appending the cation with
metal-ion ligating functional groups, selective extraction of solute
metals was achieved directly.68–71 These new functionalized ILs
were named “task specific” ILs.

Task-specific ionic liquids suitable for LIB electrolyte separators
rely on dissolution and/or chelation of metal cations, where similar
ILs have been used in the partitioning metal ionic species between

Figure 1. Two different task-specific ionic liquids explored in this work; (a) Gen 2 TSIL compound investigated in this work, 2-ethylhexyl
(tetramethylethylenediaminum) bis(trifluoroethanesulfonyl)amide, [eth-hex-tmeda][Tf2N] (b) Gen 1 TSIL compound investigated in this work, 2-ethylhexyl
(ethylenediaminum) bis(trifluoroethanesulfonyl)amide, [eth-hex-en][Tf2N].
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aqueous and IL phases.72 While serving as a hydrophobic barrier
between the alkali metal electrode (in contact with organic electro-
lyte) and the aqueous electrolyte chamber, the IL phase proposed
serves as the medium through which Li+ is shuttled during
electrodeposition or corrosion. This ionic flux is maintained by a
reasonable Li+ ionic mobility in the IL. An optimum chelation
equilibrium constant is desired for high enough ionic mobility and
power density while still ensuring that Li+ are not leached into the
aqueous electrolyte, causing high Nernstian potential and over-
potentials at the alkali metal electrode.

We investigated two different task-specific ionic liquids in this
work: 2-ethylhexyl (ethylenediaminum) bis(trifluoroethanesulfonyl)
amide, [eth-hex-en][Tf2N] (referred henceforth as Gen 1 TSIL) and
2-ethylhexyl (tetramethylethylenediaminium) bis(trifluoroethanesul-
fonyl)amide, [eth-hex-tmeda][Tf2N] (referred henceforth as Gen 2
TSIL), shown in Fig. 1. The methyl substitution on the ammonium
and 3° amine nitrogens in Gen 1 to create Gen 2 prevented the
reduction of acidic protons by the alkali metal electrode. However,
despite high chemical stability, [eth-hex-tmeda][Tf2N] did not have
a favorable Li+ partition coefficient with aqueous media, which
resulted in the repartitioning of starting Li+ in the IL and the
increase of the cell overpotential over a few cycles. This can be
avoided by the design of cations with higher Li+ affinity, while
maintaining high chemical stability, hydrophobicity, and reasonable
viscosity. Nevertheless, this work is a proof of concept of the
viability of this approach.

Experimental

Synthesis of hydrophobic task-specific ionic liquid.—All the
solvents used in this the study such as acetone, isopropyl alcohol and
tetrahydrofuran (THF) are HPLC grade and they were procured from
VWR (USA) and Sigma Aldrich (USA). Salts of the metals used are
all GR grade and all of them was from Sigma Aldrich (USA), other
chemicals used: 2-ethylhexyl bromide (⩾95%), bis(trifluoro-
methane)sulfonimide (⩾95%), ethylenediamine (GR), N,N,N′,N
′-tetramethylethylenediamine (ACS) were procured all from Sigma
Aldrich (USA)

2-ethylhexyl(ethylenediaminium) bis(trifluoroethanesulfonyl)
amide ([eth-hex-en][Tf2N]) (Gen 1 TSIL) synthesis.—To 5.0 moles
of neat ethylenediamine (300.5 g), 1 mole of 2-ethylhexyl bromide
(193.5 g) was added dropwise for three hours with vigorous stirring.
The reaction mixture was then slowly heated to 50°C and allowed to
stir under reflux for 12 h. After the reaction, unreacted ethylenedia-
mine was removed under vacuum. The liquid solution was washed
three times with 2 M sodium hydroxide and the organic phase was
collected and dried over anhydrous magnesium sulfate. 2-ethylhex-
ylethylenediamine was purified by vacuum distillation (20 mtorr) in
the temperature range of 90 °C–150 °C for about 6 h. Fraction
collected during this time was a single substituted ethylenediamine,
the yield was 80%. Next, a solution of 0.8 mole of bis(trifluor-
omethane)sulfonimide (224.8 g) 300 ml of THF was added dropwise
over a period of 1 h to a solution of 0.8 moles of the 2-

ethylhexylethylenediamine (138.65 g) in 300 ml of THF (exothermic
reaction!). After 2 h of reaction, THF was removed under vacuum,
yield was 97%.

2-ethylhexyl(tetramethylethylenediaminum) bis(trifluoroethane-
sulfonyl)amide ([eth-hex-tmeda][Tf2N]) (Gen 2 TSIL) synthesis.—
A mixture of 0.5 mol N,N,N′,N′-tetramethylethylenediamine
(58.1 g) and 0.1 mol of 2-ethylhexyl bromide (19.3 g) was refluxed
for 12 h. Unreacted tetramethylethylenediamine was removed under
vacuum, and the yield of 2-ethylhexyltetramethylethylenediamine
was ∼100%. Next, a solution of 0.1 mol of silver bis(trifluoro-
methane)sulfonamide was made by vigorously stirring a suspension
of 0.05 mol silver (I) oxide (11.57 g) and 0.1 mol bis(trifluoro-
methane)sulfonamide (28.1 g) in isopropanol. After 0.5 h of reac-
tion, the solution of silver bis (trifluoromethane) sulfonamide was
added dropwise to a solution of 0.1 mol of 2-ethylhexyltetramethy-
lethylenediamine (30.9 g) in isopropanol with continuous stirring.
The resulting silver bromide was removed by a sequence of three
centrifugation of the reaction mixture and decantation. Isopropanol
was then removed by vacuum.

Electrochemical characterization methods of TSILs.—The
ionic liquids were tested for three primary performance metrics:
(a) stability in direct contact with lithium metal (in open circuit as
well as during cell operation), (b) resistance to Li+ transport, and (c)
extent of aqueous bromine crossover across the ionic liquid layer.
First, as lithium is a highly reactive element, ionic liquid stability
with it can be tested purely by visual inspection: if there are any side
reactions, the Li metal will show substantial coloration accompanied
by gas evolution. In our experiments, Gen 1 TSIL showed significant
visual reactivity with Li-the amine groups were easily reduced by Li
metal to release H2. Gen 2 TSIL was engineered to prevent such H+

reduction, and it showed no reactivity with Li during a period of over
1 month in storage, proving that no other components of the
engineered molecule were reactive with Li. Second, resistance to
Li transport was measured in a symmetric 3-electrode “T-cell” with
stainless steel electrodes and a Li metal reference. The spacing
between the working and counter electrode, filled with ionic liquid,
was 1 cm, with a cross section-area of 0.71 cm2. We quantified the
ionic resistance according to the value of the real-axis intercept in a
Nyquist plot obtained from electrochemical impedance spectra (EIS)
analysis, done using a Gamry Reference 3000 from 0.1 Hz to 1 MHz
with a 5 mV excitation. Full cell conductivities are also determined
in the same manner. Results outlined in Table I, will be discussed in
the next section. Third, we indirectly quantify the flux of aqueous
media across the ionic liquid by using the open circuit potential
(OCP) of the cell under storage-self-discharge would occur on the
event of a crossover resulting in a decrease in the OCP.

Cell Design.—The proposed design here uses oxidation of
lithium metal at the anode according to the following equation,

Table I. Conductivities at 25 °C for common solid electrolytes.

Material Li+ Conductivity (mS cm−1) Source

1.5 M LiTFSI/THF w/Gen 2 TSIL 0.87 Lab experiments
2 M LiTFSI/THF w/Gen 2 TSIL 0.65 Lab experiments
0.5 M LiTFSI w/Gen 2 TSIL 0.35 Lab experiments
Nafion coated Celgard 0.02 Z. Jin et al./Journal of Power Sources 218, 163–167 (2012)
LiPON 0.003 Hamon, Douard, Solid State Ionics, 3–4,257–261 (2006)
LATP (LISICON) ∼3 P. Knauth, Solid State Ionics 180, 911–916 (2009)
LLTO ∼1 P. Knauth, solid state ionics 180, 911–916 (2009)
Li2+2xZn1−xGeO4

Ceramic separator 0.1 Bai & BAZANT, J. Mater. Chem. A, 2015, 3, 14165–14172
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Li e Li 1+ ⇌ [ ]+ −

As mentioned earlier, this reaction has a standard redox potential of
−3.04 V vs SHE and has a theoretical capacity of 3862 mAh g−1. In
the catholyte chamber, pure Br2 reacts with existing Br− ions in the
solution to form the tribromide ion complex, Br3

−. Based on the
concentration of bromine and LiBr in the catholyte at any given
point, the concentrations of Br− and Br3

− are assumed to be in
equilibrium, due to the fast complexation reaction,
Br Br Br .2 3+ ⇌− − The Br3

−/Br− redox reaction then occurs via
two electron-transfer steps,

Br e Br2 3 23 + ⇌ [ ]− − −

Theoretically, Br− can be oxidized to Br2 (which exists in solution as
Br3

−) or to BrO− if the operating potential is below the water
electrolysis potential ∼1–1.2 V vs SHE, when the formed hydroxyl
ion proceeds to combine with Br− to form BrO− and releases
hydrogen, which may compromise cell integrity. This side reaction
has been observed to proceed50 in moderately basic conditions and
requires large overpotential as it is a 4-electron reaction. To suppress
this, we maintain a pH of approximately 5.9 (slightly acidic, adjusted
with dilute sulphuric acid) to mitigate OH− formation and achieve
reversible Br2/Br

− redox reaction. The final discharge product in the
full cell is LiBr, which has an extraordinary solubility of 18.4 moles
per kg of water at 25 °C.51,73,74

The structure of the cell is schematically shown in Fig. 2, where
lithium metal in contact with ionic liquid is separated from the
aqueous bromine catholyte chamber by a porous carbon layer (∼200

mμ thick) impregnated with ionic liquid. The carbon layer is
sandwiched between two Celgard membranes: Celgard 2501

(aqueous catholyte side, permeable to Li+) and Celgard 3501 (ionic
liquid side) to prevent the impregnated liquid from being washed
away by the flowing catholyte during cell operation. The ionic liquid
is mixed with 10% v/v THF and used as the anolyte. A catalyst-free
flat graphite plate is used as cathode. The catholyte reactant (LiBr in
aqueous Br2) is stored in a container separate from the discharge
product. During discharge, the pump drives the LiBr/Br2 solution
into the catholyte chamber of the cell, where it combines with Li+ to
form LiBr. The direction of the pump is reversed during the charging
step. Catholytes flow through the cathode channel to complete the
liquid-solid-liquid ionic pathway between lithium metal anode and
graphite cathode.

We tested combinations of Br2/LiBr concentrations at both ends
of the spectrum: 0.1 M Br2 in 1 M LiBr (denoted as 0.1 M/1 M) and
1 M Br2 in 1 M LiBr (1 M/1 M) (dilute catholytes) and 1 M Br2 in
9 M LiBr (1 M/9 M) (concentrated catholyte). We compare the
performance of both dilute and concentrated catholytes to the
state-of-the-art Li-Br flow battery architectures reported in literature
(Refs. 51, 54, 64 and). Polarization curves were obtained by an
Arbin battery tester (BT-2043, Arbin Instruments) at the flow rate of
2 ml min−1 cm−2 using a two-electrode cell as shown in Fig. 3.
Every data point in the I–V curve is the averaged value of ten-minute
charge or discharge. Prior to testing a different catholyte, deionized
(DI) water and air were pumped to flush the tubing and cell at
5 ml min−1 cm−2 for 30 min and 10 min respectively.

Results and Discussion

Electrochemical performance.—The solid electrolyte is a cri-
tical component in a metal-halogen flow battery and as discussed in
the introduction, often the key bottleneck in performance and
stability. As shown in Table I, the developed Gen 2 TSIL based

Figure 2. Schematic of lithium-bromine flow cell; (a) exploded view; 1: copper foil, 2: Li metal, 3: TSIL with salt, 4: Gen 2b infused porous carbon sheet 100
μm thick, sandwiched by Celgard 2501 (aqueous side) and Celgard 3501 (organic/IL side), 5: aqueous bromine catholyte chamber, 6: graphite current collector
for bromine catholyte, 7: flowing aqueous bromine connected to pump (b) prototype after cell assembly (c) side view of cell prototype with functional
components colored/labeled.
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dual-purpose electrolyte & membrane demonstrated a conductivity
of 0.87 mS cm−1 (determined using EIS)-almost an order of
magnitude improvement over the
Li2O-Al2O3-SiO2-TiO2-GeO2-P2O5, LATP solid electrolyte used
by Bai et al.51,54

This improvement in conductivity and power was mainly due to
the enhanced ionic mobility of Li+ in the IL phase compared to that
of the solid ceramic separator. And while the ionic shuttling through
a ceramic separator is the result of crystal structure deformation and
reformation, which can result in defects after some cycles, liquid
electrolytes do not suffer from this. The use of liquid electrolyte
separators, however, has not been possible in aqueous/alkali metal
systems due to water cross-over. In [eth-hex-tmeda][Tf2N], the long
branching 2-ethylhexyl “tail” of the cation imparts significant
hydrophobicity to the cation while preventing aggregation or high
viscosity. The anion also contributes significantly to the hydropho-
bicity of the IL as it has been shown to render imidazolium based ILs
water-immiscible and hydrophobic.75 Their combined effect allows
the sustenance of the open circuit voltage at the standard value of
∼4.05 V for multiple days, signifying almost zero water crossover
across the IL (see inset in Fig. 6).

To make an energy dense electrolyte, one needs to have a high
concentration of active ions. To this end, we tuned the LiTFSI salt
concentration from 0.1 M to about 3 M. As observed in rows 1–3 of
Table I, the conductivity peaks at 0.87 mS cm−1 for 1.5 M LiTFSI.
Increased viscosity for higher salt concentrations results in a
conductivity peak at this intermediate Li+ concentration. Higher
concentrations lead to higher viscosity, which reduces ionic mobility
in the membrane and electrolyte, and negates the benefits arising out
of high active species concentration.

We see promising electrochemical performance using the Gen 2
TSIL as the anolyte (i.e. electrolyte in contact with lithium) and as
the membrane (see section 3.3 on cell design for details on
membrane architecture) between the catholyte and anolyte cham-
bers. All components of the membrane wetted the ionic liquid and
thus minimizing contact resistance introduced during assembly. The
discharge behavior of the catholyte to estimate its power density was
first characterized by the polarization curve (Fig. 3). Using this, we
achieve a peak power density of 34.5 mW cm−2 at a potential of
3.45 V, and a current of 10 mA cm−2, slightly better than the peak
power density of 29.1 mW cm−2 at 2.65 V, 11.0 mA cm−2 reported
by Xi and coworkers65 and much better than most non-aqueous flow
batteries. In Fig. 4, we compared our results with comparable works
in literature, namely that of Xi et al.65 and Chang et al.64 Our

reported peak power density is among the highest reported for Li-Br
flow batteries. The high peak power potential of 3.5 V also allows
for its applicability in high-voltage applications, such as transporta-
tion and mobility.

Figure 3 shows the discharge and charge polarization curves for
battery operation, plotted for both dilute (0.1 M/1 M, 1 M/1 M) and
concentrated (1 M/9 M) catholytes. Our architecture shows the
smallest voltage drop (the magnitude of slope of the discharge
curve is directly proportional to the ionic resistance during battery
operation) compared to other similar systems reported in literature.
A constant slope of the V–I curve implies that the rate-limiting step
is primarily the ohmic resistance of ion transport across the cell.
Since the Li+ conductivity of the ionic liquid membrane (0.87 mS
cm−2) is still roughly an order of magnitude lesser than its
conductivity in electrolyte,50 it can be safely deduced that the
system is limited by Li+ transport across the ionic liquid membrane.
The reduction of Br2 exhibits negligible polarization even at a high
current rate, as it has fast reaction kinetics.76 As the current density
is increased beyond 10 mA cm−2, the graph begins to change slope,
indicating some additional resistance possibly arising from charge-
transfer limitations in the bromine catholyte. Interestingly, in-
creasing the Br− concentration in the catholyte (from 1 M/1 M to
1 M/9 M) did not significantly impact the output maximum power
density or voltage polarization. This means that bulk of the
limitation still resides in the limited Li+ mobility in the membrane,
which should be engineered further to squeeze out higher perfor-
mance from the lithium bromine chemistry.

To evaluate the efficiency, we choose voltage efficiency, a metric
widely used in the field of flow batteries.65,77 Voltage efficiency
(VE) is defined as the ratio of the discharging voltage and the
charging voltage at a given current density. In Fig. 5, we report
voltage efficiencies of >90% across the different catholyte concen-
trations, significantly higher than similar battery systems reported in
literature. Admittedly, the voltage efficiency could potentially drop
as the cell is cycled, arising from an increase in charge transfer
resistance with cell age. Xi and coworkers65 observed an almost 10%
drop in VE after 50 cycles, using a 2 M LiBr catholyte and a cycling
current density of 1 mA cm−2. They also see a VE drop of similar
magnitude as the driving current is increased from 1 mA cm−2 to
10 mA cm−2. We can expect a more gradual drop in VE as current is
increased in our system, judging by the smaller slope of the curve in
Fig. 5.

Figure 3. (a) Charge and (b) Discharge performance under constant current for both dilute (0.1 M/1 M, 1 M/1 M) and concentrated (1 M/9 M) catholytes with
Gen 2 TSIL (b) and LISICON. 0.1 M/1 M stands for 0.1 M Br2 in 1 M LiBr. Br2 flow rate: 2 ml (min cm2)−1. Color gradient denotes concentration (light and
dark shades correspond to dilute and concentrated catholytes respectively). The magnitude of slope of the discharge curve is directly proportional to the ionic
resistance during battery operation. Results are compared with the state-of-the-art reported by Chang et al.59 and Xi et al.60.
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Cycling stability.—We could not cycle the cell for many cycles
to evaluate the dependence of voltage efficiency with cycle number.
Figure 6 plots the current density as a function of time during
cycling of the cell for both the dilute (0.1 M/1 M) and concentrated
(1 M/9 M) catholytes. Potentiostatic discharge of the cell is carried
out at 3.5 V and the transient current is measured over a ten-minute
period each cycle. At the end of this time period, the cell is switched

to charge mode at 4.2 V and the direction of the pump is reversed
such that the source of the catholyte now becomes the LiBr
reservoir. During cell discharge, Li+ created from oxidation of the
Li electrode, migrates across the ionic liquid electrolyte and
membrane onto the catholyte side where it combines with bromide
Br− ions to form LiBr,78 which is soluble in the aqueous medium.
Due to large electromigration forces, as well as relatively low
chelating affinity of the cation to Li+, we observed a depletion of
Li+ concentration in the ionic liquid, characterized by a drop in
current during the potentiostatic discharge and a gradual discolora-
tion of the bromine chamber. This suggests that the rate of Li+

supply into the electrolyte from the Li metal anode is not able to
compensate the rate of uptake by the bromine catholyte.
Understanding the interaction of LiTFSI with aqueous media sheds
some light into this. LiTFSI79 is widely known to be highly soluble
in aqueous media, demonstrating a solubility as high as 21 m,
forming what is knows as “water-in-salt” solutions.80–85 So during
cell discharge, equilibration of the LiTFSI salt concentration in the
ionic liquid and the aqueous phase caused the salt concentration in
ionic liquid to drop, depleting the Li+ concentration in the ionic
liquid as a consequence. The drop of Li+ concentration translates
directly into a drop in current density during cell discharge. We tried
to overcome this limitation by synthesizing high concentration
LiTFSI salt ionic liquid. However, for higher LiTFSI concentrations,
the viscosity of the resultant TSIL increased dramatically. While we
might have obtained higher cycle life by loading a higher amount of
the salt into the ionic liquid, the increased viscosity resulted in a
decrease in ionic mobility characterized by a drop in peak current
and a steeper polarization curve. The chosen LiTFSI concentration
was thus optimized between ion concentration and TSIL viscosity. A
larger cell volume could possibly have demonstrated a somewhat
longer cycle life, but would not eliminate the fundamental degrada-
tion mechanism in this architecture. This challenge can be addressed

Figure 4. Power densities under constant current for both dilute (0.1 M/1 M, 1 M/1 M) and concentrated (1 M/9 M) catholytes with Gen 2 TSIL (b) and
LISICON. 0.1 M/1 M stands for 0.1 M Br2 in 1 M LiBr. Color gradient denotes concentration (light and dark shades correspond to dilute and concentrated
catholytes respectively). Results are compared with the state-of-the-art reported by Chang et al.59 and Xi et al.60.

Figure 5. Voltage efficiencies under constant current for both dilute (0.1 M/
1 M, 1 M/1 M) and concentrated (1 M/9 M) catholytes with Gen 2 TSIL (b)
and LISICON. 0.1 M/1 M stands for 0.1 M Br2 in 1 M LiBr. 0.1 M/1 M
stands for 0.1 M Br2 in 1 M LiBr. Br2 flow rate: 2 ml (min cm2)−1. Color
gradient denotes concentration (light and dark shades correspond to dilute
and concentrated catholytes respectively). We report voltage efficiencies of
>90% across the different catholyte concentrations explored.
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on a grassroots level, by tuning the selectivity of cation coordination
such that it binds more effectively with the Li+.

This work was inspired by the heavy metal chelation of task-
specific ionic liquids where partition coefficients of some transition
metals between the IL phase and the aqueous phase were very
high.68–72 The chelation of Li+, however, requires a higher
geometric specificity given the high charge density and the small
size of the ion. The 3° amine sites on the TMEDA moiety of the
cation could have caused steric hindrance which limited the
coordination number of the chelation. This would be overcome by
the strong solvation of the smaller water molecules. Therefore,
further optimization of the chelation moiety of the cation, while
maintaining the desirable characteristics of chemical stability against
alkali metals and hydrophobicity, can improve the retention of Li+ in
the IL phase and thus improve the cycle life of the cell.

Conclusions

High energy lithium bromine flow batteries can potentially be the
ultimate solutions as a power source of long-range electrified
transportation and grid-level energy storage. In this work, we build
on the architecture first developed by Bai and Bazant54 and over-
come some of the key limitations in the original design. Typical to
lithium metal batteries, dendritic electrodeposition of lithium during
charge can be challenging to control and poses a threat to long-term
stability, safety and lifetime. Solid electrolytes can mitigate shorting,
but the class of water-stable solid electrolytes such as LATP, are
mostly unstable under direct contact with lithium. Our architecture
greatly reduces the fraction of organic electrolyte in contact with the
Li metal, and uses a task-specific ionic liquid (TSIL) that is
chemically stable with lithium, thus offering dual stability with
water and Li. In addition, the Li+ conductivity of the Gen 2 TSIL is

about 0.87 mS cm−1, almost an order of magnitude higher than
conventional solid electrolytes. Interestingly, the ionic liquid also
doubles as a membrane when adsorbed in polymeric supports, which
does not allow any crossover of the aqueous phase onto the ionic
liquid side, allowing for long-term storage stability. This unlocks the
potential for high-rate cycling of lithium-bromine systems in a stable
and safe manner, making it an attractive option for sustainable power
in automotive or grid applications.

We achieve a peak power density of 34.5 mW cm−2 at a potential
of 3.45 V using a fabricated prototype, which is the highest reported
value for similar catalyst-free battery chemistries such as Zn-Br, Zn-
I and Li-I fuel cells, to the best of the authors’ knowledge. We
achieve this power using a concentrated solution of 9 M LiBr in 1 M
aqueous Br2, leveraging the potential of the very high energy density
(∼1095 Wh kg-cathode−1) of bromine, superior to most lithium ion
battery cathode materials (∼500 Wh kg-cathode−1).16,86–88

However, further chemical and well as device-level engineering is
required before this technology can be feasibly scaled up. Li+

chelation specificity is a critical variable for the success of this
technology as it controls ionic mobility as well as cycling stability.
While the TSIL allowed for good ionic mobility, the high solubility
of the LiTFSI salt resulted in a depletion of ion concentration in the
electrolyte during cell operation due to inadequate chelating affinity
of Li+. This challenge can be addressed by synthesizing high
concentration LiTFSI salt ionic liquid, by tuning the selectivity of
cation coordination such that it binds more effectively with the Li+.
Furthermore, as previously discussed in Table I and Fig. 4, we
achieve almost an order of magnitude improvement in ionic
conductivity of the membrane over LISICON/LATP, but only about
4× the improvement in power density. Engineering at the prototype-
level required to mitigate the introduction of additional resistances
that might impede power delivery allowing us to maximize the

Figure 6. Cycling performance of prototype under constant voltage charge at 4.2 V and discharge at 3.5 V for 3 cycles each. 0.1 M/1 M stands for 0.1 M Br2 in
1 M LiBr. 0.1 M/1 M stands for 0.1 M Br2 in 1 M LiBr. Br2 flow rate: 2 ml (min cm2)−1. Color gradient denotes concentration (light and dark shades correspond
to dilute and concentrated catholytes respectively). Inset: Open circuit voltage of battery across 48 h, used as an indirect measure of water crossover across the
membrane. Water crossover would result in self-discharge, reducing the open circuit potential of the cell.
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potential from our proof-of-concept architecture. Addressing these
challenges will facilitate the realization of a viable alternative to the
widely researched lithium-air battery, with higher energy density,
stability and efficiency suitable for a wide variety of applications.
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